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Cryptosporidium parvum is a significant cause of diarrheal disease worldwide. The specific molecules that
mediate C. parvum-host cell interactions and the molecular mechanisms involved in the pathogenesis of
cryptosporidiosis are unknown. In this study we have shown that gp40, a mucin-like glycoprotein, is localized
to the surface and apical region of invasive stages of the parasite and is shed from its surface. gp40-specific
antibodies neutralize infection in vitro, and native gp40 binds specifically to host cells, implicating this
glycoprotein in C. parvum attachment to and invasion of host cells. We have cloned and sequenced a gene
designated Cpgp40/15 that encodes gp40 as well as gp15, an antigenically distinct, surface glycoprotein also
implicated in C. parvum-host cell interactions. Analysis of the deduced amino acid sequence of the 981-bp
Cpgp40/15 revealed the presence of an N-terminal signal peptide, a polyserine domain, multiple predicted
O-glycosylation sites, a single potential N-glycosylation site, and a hydrophobic region at the C terminus, a
finding consistent with what is required for the addition of a GPI anchor. There is a single copy of Cpgp40/15
in the C. parvum genome, and this gene does not contain introns. Our data indicate that the two Cpgp40/15-
encoded proteins, gp40 and gp15, are products of proteolytic cleavage of a 49-kDa precursor protein which is
expressed in intracellular stages of the parasite. The surface localization of gp40 and gp15 and their involve-
ment in the host-parasite interaction suggest that either or both of these glycoproteins may serve as effective
targets for specific preventive or therapeutic measures for cryptosporidiosis.

Cryptosporidium parvum, an intestinal apicomplexan para-
site, is a significant cause of diarrheal disease worldwide (7,
36). Cryptosporidial infection is asymptomatic or self-limiting
in immunocompetent hosts, but it may be chronic and life-
threatening in immunocompromised patients such as those
with AIDS. In children in developing countries, C. parvum
infection has been reported to be associated with persistent
diarrheal disease, which may result in subsequent growth im-
pairment (8). Recently, this parasite has been implicated as the
causative agent of numerous outbreaks of waterborne diar-
rheal disease (6). There is currently no specific therapy ap-
proved for the treatment of cryptosporidiosis.

Infection with C. parvum is initiated by ingestion of oocysts,
which undergo excystation to release sporozoites. Sporozoites
attach to and invade intestinal epithelial cells, where the par-
asite undergoes further intracellular development through
asexual as well as sexual cycles. Merozoites released into the
lumen during the asexual cycle can attach to and invade adja-
cent epithelial cells and thus maintain intracellular replication.
The molecular mechanisms involved in the pathogenesis of
cryptosporidiosis and the specific molecules that mediate C.
parvum-host cell interactions are unknown. A number of C.
parvum proteins have been implicated in attachment and in-
vasion and are the subject of ongoing investigation (2, 9, 18, 21,
25, 29, 31, 33, 40).

We have previously identified a monoclonal antibody
(MAb), 4E9, that neutralizes C. parvum infection and inhibits

attachment in vitro (A. M. Cevallos, N. Bhat, R. Verdon, D. H.
Hamer, B. Stein, S. Tzipori, M. E. A. Pereira, G. T. Keusch,
and H. D. Ward, submitted for publication). 4E9 was found to
recognize two glycoproteins, gp40 and GP900. Immunofluo-
rescence (IF) studies using this MAb revealed that these gly-
coproteins are localized to the surface and apical region of
sporozoites and merozoites, are shed in trails from sporozoites
during gliding motility, and bind to intestinal epithelial cells.
The epitope recognized by 4E9 contains a-N-acetylgalac-
tosamine (aGalNAc) residues, which are present in a mucin-
type O-glycosidic linkage. Lectins specific for these residues
also block attachment in vitro. The gene encoding one of these
glycoproteins, GP900, a high-molecular-weight mucin-like gly-
coprotein, has recently been cloned and sequenced (2).

In the present study, we have characterized gp40 and cloned,
sequenced, and expressed the gene encoding it. The open
reading frame (ORF) encoding gp40 also encodes a previously
described (9) 15-kDa surface glycoprotein (gp15) (W. Strong,
J. Gut, and R. Nelson, personal communication). We have
investigated the relationship between gp40 and gp15 and
present here evidence to suggest that these two glycoproteins
are proteolytic fragments of a precursor protein.

MATERIALS AND METHODS

C. parvum oocysts, sporozoites, and shed proteins. Oocysts of the GCH1
isolate (37) were treated with 1.75% (vol/vol) sodium hypochlorite for 10 min on
ice and then washed with Dulbecco modified Eagle medium (DMEM; Life
Technologies, Grand Island, N.Y.) containing 25 mM HEPES, 100 U of peni-
cillin per ml, and 100 mg of streptomycin per ml. Oocysts were excysted for 1 h
at 37°C in the presence of 0.75% taurocholic acid. Sporozoites were purified by
filtration through a 2.0-mm (pore-size) Nucleopore polycarbonate filter (Costar
Scientific Corp., Cambridge, Mass.).

Shed proteins were obtained by excystation of hypochlorite-treated oocysts in
DMEM for 2 h at 37°C, followed by centrifugation at 5,000 3 g at 4°C for 10 min.
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Protease inhibitors (final concentration, 2 mM phenylmethylsulfonyl fluoride
[PMSF]–20 mM leupeptin–10 mM E64–2 mM EDTA) were added to the super-
natant (containing shed proteins), which was concentrated 10-fold by ultrafiltra-
tion.

Cell culture. Caco-2 (human intestinal epithelial) cells originally obtained
from Hans Buller, Academic Medical Center, Amsterdam, The Netherlands
(38), were designated Caco-2A and maintained by the GRASP Center Cell
Culture Core facility. Cells were grown in 75-cm2 flasks in DMEM, supple-
mented with 10% fetal calf serum, 25 mM HEPES, penicillin (100 U/ml), and
streptomycin (100 mg/ml) at 37°C and 5% CO2 as described earlier (19).

Isolation of native gp40 from shed proteins. C. parvum shed proteins were
fractionated by size exclusion ultrafiltration using Centricon filters (Millipore
Corp., Bedford, Mass.) with molecular weight cutoffs of 10, 50, and 100 kDa. The
10- to 50-kDa fraction was enriched in gp40 as determined by silver staining and
immunoblotting with MAb 4E9.

Lectin (HPA) affinity chromatography. aGalNAc-containing glycoproteins
were isolated from C. parvum oocysts as follows. Hypochlorite-treated oocysts
(1 3 108 to 2 3 108/ml) in phosphate-buffered saline (PBS) containing protease
inhibitors (described above) were lysed by five freeze-thaw cycles, followed by
detergent extraction with 1% octylglucoside in PBS (OGS-PBS). Detergent-
soluble material was incubated with Helix pomatia agglutinin (HPA)-agarose
(EY Laboratories, Inc., San Mateo, Calif.) in 1% OGS-PBS for 18 h at 4°C. After
an extensive washing, bound proteins were eluted with 0.1 M GalNAc in 0.05%
OGS-PBS.

aGalNAc-containing glycoproteins were also isolated from C. parvum-infected
Caco-2A monolayers as follows. Caco-2A cells were grown to confluence in
75-cm2 flasks and infected with 5 3 107 hypochlorite-treated oocysts for 12 or
18 h at 37°C. Infected cells were extracted with 1% OGS-PBS in the presence of
protease inhibitors at 4°C. Detergent-soluble material was processed for HPA
affinity chromatography as described above. Uninfected Caco-2A cells grown at
the same time under identical conditions were processed in the same way.

Antibodies. 4E9, an immunoglobulin M (IgM) MAb was produced by immu-
nization of mice with C. parvum sporozoites (Cevallos et al., submitted). Briefly,
BALB/c mice were immunized intraperitoneally with C. parvum sporozoites,
spleen cells fused with myeloma cells, and hybridomas cloned in liquid medium
as previously described (41). Clones which reacted with the surface of sporozo-
ites were identified using an IF assay. MAb CrA1, an IgA MAb against a C.
parvum sporozoite surface protein (gp15) was obtained by oral immunization of
mice with C. parvum sporozoites (X. Zhou, S. Tzipori, and M. R. Neutra,
unpublished). Briefly, BALB/c mice were immunized intragastrically with a C.
parvum sporozoite and oocyst mixture, and Peyer’s patch cells were subsequently
fused with mouse myeloma cells as previously described (42). C. parvum-specific
IgA hybridomas were identified by enzyme-linked immunosorbent assay
(ELISA) and cloned, and IgA antibodies were produced in serum-free medium.

Antisera to purified native gp40 were produced as follows. HPA-isolated
glycoproteins (which are enriched in gp40) were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). After staining with
Coomassie blue, the 40-kDa band (which was shown to represent gp40 by im-
munoblotting with MAb 4E9 of a parallel strip of gel transferred to nitrocellu-
lose) was excised, lyophilized, and emulsified with complete Freund’s adjuvant
for the initial immunization and incomplete complete Freund’s adjuvant for
subsequent boosts. BALB/c mice were immunized at 3- to 4-week intervals with
this material, and the presence of anti-gp40 antibodies in sera was monitored by
immunoblotting of an oocyst-sporozoite antigen preparation.

Immunoblot analysis, immunoprecipitation, and immunofluorescence. Pro-
teins were separated by SDS-PAGE, transferred to nitrocellulose, and then
probed with MAbs 4E9 and CrA1 and anti-gp40 antisera. For MAb 4E9 and
anti-gp40 antisera, horseradish peroxidase (HRP)-conjugated goat anti-mouse
IgG (heavy and light chain) antibody (Pierce Chemical Co., Rockford, Ill.) was
used as secondary antibody. For MAb CrA1, HRP-conjugated goat anti-mouse
IgA (a-chain-specific) antibody was used as secondary antibody (Southern Bio-
technology Associates, Inc., Birmingham, Ala.). Immunoblots were developed
with SuperSignal chemiluminescent substrate (Pierce). Perfect Protein markers,
10- to 225-kDa (Novagen, Madison, Wis.), were used as molecular weight stan-
dards and were detected by reactivity with HRP-conjugated S-Protein according
to the manufacturer’s protocol.

A mixture of sporozoites and oocysts (derived from excystation of 108 oocysts)
in PBS containing protease inhibitors (described above) were lysed by five
freeze-thaw cycles and detergent extraction with 1% Triton X-100. The lysate
was centrifuged at 10,000 3 g for 30 min. Detergent-soluble material was incu-
bated with anti-gp40 antisera (or preimmune sera as controls) overnight, fol-
lowed by incubation with protein G-Sepharose (Pharmacia Biotech, Inc., Piscat-
away, N.J.) for 2 h at 4°C. After an extensive washing with 20 mM phosphate–0.5
M NaCl–0.5% Triton X-100–0.1% SDS–0.1% deoxycholate, immunoprecipi-
tated proteins were analyzed by SDS-PAGE and immunoblotting with MAb 4E9.

IF of C. parvum oocysts, sporozoites, and intracellular stages (present in
Caco-2A monolayers grown to confluence in collagen-coated 16-well chamber
slides, infected with oocysts for 24 h, and fixed and permeabilized with methanol)
was performed as described earlier (10, 39). Anti-gp40 antisera and MAb CrA1
were used as primary antibodies and fluorescein isothiocyanate-conjugated goat
anti-mouse IgG and IgA (Sigma Chemical Co., St. Louis, Mo.) were used as
secondary antibodies.

Silver-stained SDS gels, immunoblots, and IF photomicrographs were scanned
using an Agfa Arcus II scanner and Adobe Photoshop 4.0 software.

C. parvum in vitro infection assay. The effect of anti-gp40 antisera (diluted
1:00) obtained from two different mice on C. parvum infection of Caco-2A cells
was determined using an in vitro assay as described previously (39). Briefly,
oocysts (104/well) preincubated with antisera for 30 min at room temperature
were incubated with Caco-2A cells (2 3 104/well) grown in 96-well tissue culture
plates for 24 h at 37°C and in 5% CO2. Cells were fixed and permeabilized with
methanol for 10 min at room temperature and washed three times with Tris-
buffered saline. Infection was quantified by ELISA as described earlier (39).
Preimmune sera were used as controls.

gp40 binding assay. Increasing concentrations of HPA-isolated glycoproteins
or shed proteins were incubated with live or glutaraldehyde-fixed, Caco-2A cells
(grown to confluence in 96-well plates) for 1 h at 4°C (live cells) or 2 h at 37°C
(fixed cells). The amount of gp40 present in both preparations was quantified by
comparison to known concentrations of Novagen Perfect Protein markers in
silver-stained SDS gels by scanning densitometry using Quantity One software
(Bio-Rad, Hercules, Calif.). Unbound protein was washed off and bound gp40
was detected by ELISA using anti-gp40 antisera and biotinylated horse anti-
mouse IgG (Vector Laboratories, Burlingame, Calif.) as primary and secondary
antibodies, respectively. Ovalbumin and b-galactosidase and antibodies specific
for them (Sigma) were used as controls.

N-terminal and internal peptide amino acid sequence determination. A gp40-
enriched preparation obtained from shed proteins was subjected to SDS-PAGE,
and transferred to a polyvinylidene difluoride membrane, which was stained with
Coomassie blue. The 40-kDa band (identified as gp40 by probing an additional
strip from the same membrane with MAb 4E9) was excised and processed for
N-terminal amino acid microsequencing by automated Edman degradation using
a Perkin-Elmer ABI 477A sequencer at the Tufts University Core Facility. The
N-terminal sequence of the first five residues of the 40- and 13-kDa proteins
isolated by HPA affinity chromatography was determined in a similar fashion.

To obtain amino acid sequence data from internal peptides, the 40-kDa band
(which was shown to represent gp40 by immunoblotting with MAb 4E9 of a
parallel strip of gel transferred to nitrocellulose) was excised from a Coomassie
blue-stained SDS gel and submitted to the Harvard Microchemistry Facility,
Cambridge, Mass. After in-gel tryptic digestion of the protein, sequence analysis
of peptides was performed by microcapillary reverse-phase high-pressure liquid
chromatography nanoelectrospray tandem mass spectrometry on a Finnigan
LCQ quadrupole ion trap mass spectrometer. Two peptides, p70 and p81, were
selected and analyzed by matrix-assisted laser desorption time-of-flight mass
spectrometry (MALDI-TOF-MS). These two peptides were then sequenced by
Edman degradation. A high-confidence amino acid sequence (supported by the
MALDI-TOF-MS results) was obtained (Table 1). The MS/MS spectra of pep-
tides derived from native gp40 was correlated with the nucleotide and deduced
amino acid sequence of Cpgp40/15 using the algorithm Sequest (4a) and pro-
grams developed at the Harvard Microchemistry Facility.

DNA libraries and synthetic oligonucleotides. C. parvum genomic DNA li-
braries derived from the GCH1, SFGH-1, and NINC isolates, as well as a
sporozoite cDNA library derived from the Iowa isolate, were generously pro-
vided by Giovanni Widmer, Tufts University School of Veterinary Medicine,
North Grafton, Mass., and Richard Nelson, University of California at San
Francisco. The oligonucleotide primers used for PCR are shown in Table 1.
Degenerate primers (synthesized by Life Technologies) were designed on the
basis of the amino acid sequences of the N-terminal (pN) and two internal
peptides (p70 and p81) of gp40. The degeneracy of the primers was reduced by
taking into account AT-rich codon usage in C. parvum (17). Nondegenerate
primers were synthesized at the Tufts University Core Facility.

PCR and DNA sequencing. DNA libraries or hypochlorite-treated, freeze-
thawed oocysts were used as a source of template DNA for PCR. Conditions for
PCR using degenerate primers were as follows: 95°C for 2 min; 95°C for 40 s,
37°C for 60 s, and 72°C for 50 s (5 cycles); 94°C for 40 s, 55°C for 50 s, and 72°C
for 50 s (35 cycles); and 72°C for 5 min. The first five cycles were excluded for
PCRs using nondegenerate primers. Reagents were used at the following final
concentrations: deoxynucleoside triphosphates, 0.4 mM; degenerate primers, 1
mM; nondegenerate primers, 0.5 mM; MgCl2, 1.5 mM; and Taq DNA polymerase
(Life Technologies), 50 U/ml. PCR products were cloned into the TA Cloning
vectors, pCR2.1 or pCRII-TOPO (Invitrogen, Carlsbad, Calif.). Plasmids were
purified using a Qiagen Miniprep Kit (Qiagen, Inc., Valencia, Calif.). DNA
sequencing was performed by the dye-terminator method at the Tufts University
Core Facility using a Perkin-Elmer ABI 377 sequencer.

The FASTA (28) and BLAST (1) algorithms were used to compare DNA and
protein sequences to sequence databases. Analysis of nucleotide and amino acid
sequences was performed with the MACVECTOR (Oxford Molecular Group,
Oxford, United Kingdom) and PSORT II (15) programs. Predicted mucin-type
O-glycosylation sites were identified using the NetOGlyc 2.0 program (11), and
potential N-glycosylation sites were identified using the Motif program (43).

Expression in E. coli. The following three fragments were cloned into the
pET-32 Xa/LIC vector, which contains an internal S-tag, internal and C-terminal
His tags, and N-terminal Trx tag sequences (Novagen): (i) an 891-bp fragment
encoding amino acids 31 to 326 (corresponding to the entire Cpgp40/15 ORF,
minus the putative signal peptide, designated pAMC40/15; (ii) a 315-bp fragment
encoding amino acids 223 to 326 (corresponding to gp15, designated pAMC15);
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and (iii) a 576-bp fragment encoding amino acids 31 to 222 (corresponding to
gp40, designated pAMC40). A control insert provided by Novagen was also
cloned into the same vector. Overexpression in Escherichia coli AD494(DE3)
was induced with 1 mM IPTG (isopropyl-b-D-thiogalactopyranoside). Fusion
proteins encoded by pAMC40/15, pAMC40, and pAMC15 were designated pe-
pAMC40/15, pepAMC40, and pepAMC15, respectively. pepAMC40 was toxic to
E. coli; however, the transformation of E. coli AD494 was successful when
performed in the presence of the plasmid pLysS (which encodes T7 lysozyme, a
natural inhibitor of T7 RNA polymerase [Novagen]). The S-tag present in fusion
proteins was identified in immunoblots by reactivity with HRP-conjugated S-
Protein according to the manufacturer’s instructions (Novagen).

Genomic Southern analysis. Genomic DNA was extracted from a sporozoite-
oocyst preparation using a G Nome DNA kit (Bio 101, Inc., Vista, Calif.). The
restriction enzymes EcoRI and HindIII (New England Biolabs, Beverly, Mass.)
alone or in combination were used to digest the genomic DNA. DNA fragments
were separated on a 1% agarose gel, transferred to a nylon membrane (Duralon-
UV; Stratagene, La Jolla, Calif.), and fixed by UV radiation using a UV Strata-
linker 1800 (Stratagene). An 856-bp PCR product amplified from genomic DNA
using primers 5 and 8 was used as a probe for this blot. The probe was labeled
and hybridization was detected using the ECL direct nucleic acid labeling system
and detection reagent (Amersham, Arlington Heights, Ill.) according to the
manufacturer’s instructions.

RT-PCR. Caco-2A cells were grown to confluence in six-well plates and were
infected with C. parvum oocysts (106) for 24 h. RNA was extracted from unin-
fected and infected monolayers using the RNeasy kit (Qiagen). Contaminating
DNA was removed by RNase-free DNase treatment. Then, 0.5 mg of RNA was
used in each reverse transcription (RT) reaction, which was performed using
primers 9 and 10 (Table 1) and the Access RT-PCR System according to the
manufacturer’s instructions (Promega, Madison, Wis.). RNA from uninfected
Caco-2A cells was used as a negative control. RT-PCR reactions without added
reverse transcriptase were performed in parallel to confirm that the PCR prod-
ucts were not due to the amplification of contaminating DNA. The DNA se-
quence of the product obtained by RT-PCR was determined as described above.

The DNA sequence of Cpgp40/15 was deposited at GenBank under accession
number AF155624.

RESULTS

gp40 is unrelated to GP900. We previously identified gp40
using 4E9, an MAb which recognizes a carbohydrate epitope
containing aGalNAc residues that are present on two glyco-
proteins, gp40 and GP900. The presence of these aGalNAc
residues was exploited to isolate glycoproteins from C. parvum
lysates by affinity chromatography using an aGalNAc-specific
lectin, HPA. Analysis of this preparation by silver staining (Fig.
1A) and immunoblotting with MAb 4E9 (Fig. 1B, lane 1)
revealed that a 40-kDa band recognized by MAb 4E9 was
among the major proteins present (bands at .900, 128, 26, and
13 kDa were also present). In order to produce gp40-specific
antibodies, native gp40 was purified by excision of the 40-kDa
band from polyacrylamide-SDS gels and used to immunize
mice. The purity of gp40 was verified by SDS-PAGE and silver
staining of an aliquot of the protein (eluted from the excised

gel with sample buffer), which revealed the presence of a single
40-kDa band (data not shown). Sera from these mice reacted
exclusively with a 40-kDa band by immunoblotting, thus con-
firming the specificity of the antibody for gp40 (Fig. 1B, lane 2).
The gp40-specific antisera immunoprecipitated a 40-kDa band
from C. parvum sporozoite-oocyst lysates which was recog-
nized by MAb 4E9 (data not shown), confirming that both
antibodies recognized the same protein. However, the anti-
gp40 antisera did not recognize GP900 (Fig. 1B, lane 2), sug-
gesting that other than the presence of a common carbohy-
drate epitope, gp40 is unrelated to GP900.

gp40-specific antisera neutralize C. parvum infection of in-
testinal epithelial cells. Our previous studies showed that MAb
4E9, which recognizes gp40 as well as GP900, neutralized in-
fection and blocked attachment in vitro (Cevallos et al., sub-
mitted). In order to determine if gp40 is involved in mediating
attachment and/or invasion, we assessed the effect of the gp40-
specific antisera on C. parvum infection of intestinal epithelial
cells by using an in vitro assay (39). Compared to their respec-

FIG. 1. Isolation of aGalNAc-containing glycoproteins by HPA affinity chro-
matography. (A) Aliquots of starting lysate (lane 1), effluent (lane 2), and
GalNAc eluate (lane 3) were separated by 5 to 15% gradient SDS-PAGE and
stained with silver. (B) Immunoblot of the GalNAc eluate separated by 5 to 15%
gradient SDS-PAGE and probed with MAb 4E9 (lane 1) and anti-gp40 antisera
(lane 2). The positions of gp40 and GP900 are indicated with arrows.

TABLE 1. Amino acid sequence of gp40-derived peptides and synthetic oligonucleotides used for PCR and RT-PCR

Primer (type)a Amino acid sequenceb Oligonucleotide

Primer 1 (F) DVPVEG (N terminal) 59-GAYGTWCCWGTWGARGG-39c

Primer 2 (F) YISGEVTSVTFEK (p70) 59-GGWGARGTWACWTCWGTWACWTTYG-39c

Primer 3 (R) VNGQDFSTLSANSSSPTE (p81) 59-GTWGAAAAATCTTGWCCATTWAC-39c

Primer 4 (R) 59-TAACTGTATTATCACTCTTTTCG-39
Primer 5 (F) 59-GGCAAGAACTGGAGAAGACG-39
Primer 6 (R) 59-GGTACCTTCTCCGAACCACA-39
Primer 7 (F) 59-ATGCAAAAATACGTGGACTGGG-39
Primer 8 (R) 59-TCGCACGAAAGATTTCCATTG-39
Primer 9 (F) 59-TTACTCTCCGTTATAGTCTCCGCTG-39
Primer 10 (R) 59-CGAATAAGGCTGCAAAGATTGC-39
T7d 59-GTAATACGACTCACTATAGGGC-39
T3d 59-AATTAACCCTCACTAAAGGG-39

a F, forward primer; R, reverse primer.
b Underlining indicates the amino acids used for the design of degenerate oligonucleotides.
c Degenerate primers. Ambiguous bases are abbreviated as follows: Y, C or T; W, A or T; R, S or G.
d lZapII-derived primers.
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tive preimmune sera, gp40-specific antisera (from two different
mice) significantly inhibited (by 82 and 68%, respectively) C.
parvum infection of Caco-2A cells (Fig. 2a). This result impli-
cates gp40 in C. parvum attachment to and/or invasion of host
cells.

Native gp40 binds to intestinal epithelial cells. Neutraliza-
tion of infection by gp40-specific antisera suggested that gp40
is involved in C. parvum attachment to and/or invasion of host
cells. In order to determine if gp40 bound to host cells, HPA-
isolated glycoproteins or shed proteins (both of which are
enriched in gp40) were incubated with live or glutaraldehyde-
fixed Caco-2A cells, and gp40 binding was quantified by ELISA
using gp40-specific antisera. As shown in Fig. 2b, binding of
gp40 (present in both preparations) to Caco-2A cells occurred
in a dose-dependent and saturable manner. There was no
significant binding of the control proteins, b-galactosidase
(Fig. 2b), or ovalbumin (not shown). Similar results were ob-
tained with live as well as fixed cells (not shown). These results
further implicate gp40 in sporozoite attachment to and/or in-
vasion of host cells.

Cloning, sequencing, and analysis of the gene encoding
gp40. We set out to clone and sequence the gene encoding
gp40. Our strategy was to ascertain the N-terminal and internal
amino acid sequences from two internal tryptic peptides of
native gp40 (purified from shed proteins by size exclusion ul-
trafiltration and gel isolation) and to design degenerate PCR
primers based on these peptide sequences to amplify the gene
encoding gp40. The sequences of the N-terminal six amino
acids and two internal tryptic peptides, designated p70 and
p81, are shown in Table 1. Comparison of these sequences with
the deduced amino acid sequence of GP900 (2) revealed no
significant similarity, confirming that these two proteins are
unrelated. In addition, BLAST searches (1) with these se-
quences did not reveal significant similarity with known pro-
teins in the databases. The sequence of the N-terminal five
amino acids of gp40 isolated by HPA affinity chromatography
was also determined and found to be identical to that isolated
from shed proteins, confirming that both preparations con-
tained the same protein.

The multiple PCR steps that we used to clone the gene

encoding gp40 are shown in Fig. 3a. Using degenerate primers
2 and 3 based on the amino acid sequence of internal peptides
p70 and p81 (Table 1), a 78-bp fragment was amplified from
oocyst genomic DNA, cloned into the pCR 2.1 vector, and
sequenced. Using primer 4 (based on the nucleotide sequence
of the 78-bp fragment) and degenerate primer 1 (based on the
amino acid sequence of the N-terminal peptide) a 450-bp prod-
uct was amplified from the same oocyst genomic DNA, cloned,
and sequenced. The deduced amino acid sequences of the 78-
and 450-bp fragments matched those of the known peptide
sequences from the native protein. Primers 5 and 6 (based on
the nucleotide sequence of the 450-bp fragment) were used to
screen six C. parvum genomic and cDNA libraries by PCR. A
product of the expected size (226 bp) was amplified from all of
the libraries tested (data not shown). Anchored PCR of one of
these libraries (GCH1; genomic DNA in lZapII) was used to
obtain the sequences 59 and 39 of the 450-bp fragment. Thus,
DNA from this library was used as template for PCR with
primers based on the sequence of the T7 promoter of the
lZapII phage vector (primer T7) and the 450-bp fragment
(primer 5). The resulting 861-bp product amplified by PCR was
sequenced. A similar approach with primer 6 was used to
obtain a 703-bp product. Assembly and analysis of these over-
lapping fragments revealed a 981-bp ORF. Subsequently, to
confirm our sequence, a 1,223-bp fragment was amplified by
PCR from oocyst (GCH1) genomic DNA, using primers 7 and
8, along with a high-fidelity polymerase Pfu (Stratagene), and
cloned into the Topo pCR II vector. Four independently de-
rived clones were sequenced to correct potential PCR errors.
BLAST comparison of the DNA and deduced amino acid
sequences with protein and DNA sequence databases did not
reveal significant similarity with any known genes or proteins.

Analysis of the deduced amino acid sequence revealed a
326-amino-acid protein with a calculated Mr of 33,600 (Fig.
3b). The amino acid sequence corresponding to the N terminus
of the native protein was found 30 amino acids after the start
codon. This N-terminal hydrophobic stretch of 30 amino acids
is consistent with a signal peptide (26). Of note was a contig-
uous stretch of 19 serine residues in the N-terminal region of
the mature protein. Hydropathicity analysis revealed hydro-

FIG. 2. (a) Effect of gp40-specific antisera on C. parvum infection of Caco-2A cells. Oocysts were preincubated with preimmune sera or gp40-specific antisera
obtained from two different mice and allowed to infect Caco-2A cells. Infection was quantified by ELISA. The results are expressed as a percentage of the control
(respective preimmune sera from each of the mice). (b) Binding of gp40 to intestinal epithelial cells. Increasing concentrations of HPA-isolated glycoproteins and shed
proteins containing the indicated concentrations of gp40 were incubated with live Caco-2A cells, and gp40 binding was quantified by ELISA using gp40-specific antisera.
The results are expressed as the absorbance at 405 nm. b-Galactosidase was used as a control.
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phobic regions at both the amino and carboxy termini (not
shown). There was a short hydrophobic region at the C termi-
nus, a finding consistent with that required for addition of a
GPI anchor (23). A total of 32 threonine and serine residues in
the deduced amino acid sequence of gp40 are predicted to be
sites of mucin-type O-glycosylation (11). A single potential
N-glycosylation site was identified (43).

The gene encoding gp40 is present in single copy and does
not contain introns. Southern blot analysis of genomic DNA
isolated from GCH1 oocysts using an 856-bp Cpgp40/15 probe
indicated that this sequence is present in single copy in the C.
parvum genome. As seen in Fig. 4a, this probe hybridized to a
single ;800-bp EcoRI/HindIII restriction fragment of the ex-
pected size. When genomic DNA was digested with EcoRI
alone, the probe hybridized to a single 23-kb fragment.

RT-PCR analysis using primers 9 and 10 (which span 949 bp
of the Cpgp40/15 ORF) of RNA obtained from C. parvum
intracellular stages revealed a single product of the same size
as the product obtained by PCR of genomic DNA using the
same primers (Fig. 4b). The DNA sequence of the RT-PCR
product was identical to that of the corresponding genomic
DNA sequence. This finding indicates that the gene encoding
gp40 does not contain introns.

The gene encoding gp40 also encodes gp15. In an indepen-
dent study, IgA MAbs CrA1 and CrA2 which recognize a
previously identified 15-kDa surface glycoprotein (9) were
used to isolate a clone from a genomic DNA expression library
(Strong et al., personal communication). Analysis of the DNA
sequence of this clone revealed that it was almost identical to
that of the gene identified in the present study. We therefore
investigated the possibility that the gene encoding gp40 also
encoded a 15-kDa protein (named gp15) as well. Previous
studies indicated that gp15 bound the lectin HPA (9), suggest-
ing that this protein may be present in the HPA-isolated gly-
coprotein preparation used to purify native gp40. Analysis of
this preparation by SDS-PAGE and immunoblotting with
MAb CrA1 revealed that a 13-kDa protein recognized by MAb

CrA1 (indicating that this band represents gp15) was indeed
present (Fig. 1A, lane 3; Fig. 5B, lane 4). We therefore ob-
tained N-terminal amino acid sequence of the 13-kDa band
from this preparation. The results indicated that the N-termi-
nal residues ETSEA corresponded to amino acid residues 223
to 227 of the deduced amino acid sequence of the gene encod-
ing gp40 (Fig. 3b). This finding, together with the work of
Strong et al. (personal communication), indicates that gp15 is

FIG. 3. (a) Sequential PCR steps used for cloning of Cpgp40/15 gene. Peptides pN, p-70, and p-81 and primers 1 to 8 are described in Table 1. MCS, multiple cloning
site. The degenerate primers are indicated by stippled arrows. (b) Deduced amino acid sequence of Cpgp40/15 ORF. The N termini of gp40 (solid arrow) and gp15
(shaded arrow) are shown. The single potential N-glycosylation site is indicated with a stippled box. The predicted sites of mucin-type O-glycosylation are indicated with
stars. The amino acid residues of contiguous peptides identified by MS/MS analysis are underlined.

FIG. 4. (a) Southern blot analysis of Cpgp40/15 locus. Genomic DNA was
digested with EcoRI (lane 1) and HindIII and EcoRI (lane 2) and probed with
an 856-bp Cpgp40/15 probe. (b) RT-PCR analysis of C. parvum RNA. RNA was
extracted from Caco-2A cells (lane 1) or Caco-2A cells infected with C. parvum
(lane 2) and analyzed by RT-PCR using gene-specific primers 9 and 10 (Table 1).
Lane 3 shows the product obtained by PCR of genomic DNA using the same
primers.
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encoded by the same gene as gp40. Therefore, we have desig-
nated this gene Cpgp40/15.

gp40 and gp15 are antigenically distinct proteins encoded by
the same gene. To characterize the relationship between gp40
and gp15, we determined whether antibodies to gp40 and gp15
cross-reacted with gp15 and gp40, respectively, by immuno-
blotting of various C. parvum preparations, including oocysts,
sporozoites, and shed proteins. As shown in Fig. 5, in all of the
antigen preparations tested, the anti-gp40 antisera only recog-
nized gp40 and did not react with gp15 (confirming the spec-
ificity of the antibody for gp40). Similarly, MAb CrA1 only
recognized gp15 and not gp40. In addition there was no dif-
ference in the Mr value of either protein under reducing or
nonreducing conditions (data not shown). To further corrob-
orate these findings, we overexpressed fragments of Cpgp40/15
encoding amino acids 31 to 326 (pepAMC40/15), amino acids

31 to 222 (pepAMC40), and amino acids 223 to 326 (pep-
AMC15) as thioredoxin fusion proteins in E. coli. These were
probed with gp40- and gp15-specific antibodies. The results
showed that both antibodies reacted with the fusion protein
encoded by the entire ORF (Fig. 6B and C, lanes 2). However,
the anti-gp40 antibody reacted only with pepAMC40 (Fig. 6C,
lane 4), and MAb CrA1 reacted only with pepAMC15 (Fig. 6B,
lane 3). These results confirm that gp40 and gp15 are antigeni-
cally distinct proteins encoded by the same gene Cpgp40/15.

To determine whether peptides corresponding to gp15 were
present in native gp40, the MS/MS spectra of six peptides
obtained after tryptic digestion of gp40 were analyzed at the
Harvard Microchemistry Facility. All six peptides (derived
from gp40) analyzed on two separate occasions were repre-
sented in the portion of the deduced amino acid sequence of
Cpgp40/15 present in the N-terminal 222 residues (Fig. 3B). In
sharp contrast, none of the peptides corresponded to the
amino acids present in residues 223 to 326 of gp15. This result
further confirms that gp40 and gp15 are distinct polypeptides.

gp40 and gp15 are differentially localized in C. parvum
sporozoites. The localization of gp40 and gp15 in C. parvum
developmental stages was determined by IF using antibodies
specific for both proteins. The anti-gp40 antisera reacted
mainly with the surface of the anterior portion of sporozoites,
suggestive of an apical complex localization (Fig. 7A). In the
intracellular stages, there was reactivity with the entire surface
and apical region of merozoites (present within meronts) in
infected Caco-2A cells (Fig. 7B). In contrast, gp15 was present
on the entire surface of sporozoites (Fig. 7C) as well as mero-
zoites (Fig. 7D). These results suggest that these two proteins
are differentially localized in sporozoites.

gp40 and gp15 are products of proteolytic cleavage of a
49-kDa precursor protein. The finding that gp40 and gp15 are
encoded by the same gene raised the possibility that they may
be proteolytic fragments of a larger precursor protein. Immu-
noblotting of oocysts, sporozoites, shed proteins, and HPA-
isolated glycoproteins with anti-gp40 antisera and MAb CrA1,
however, did not reveal the presence of a putative precursor
protein (Fig. 1B, lane 2, and Fig. 5). We therefore sought to
determine whether a putative precursor protein was expressed
by intracellular stages of the parasite. To do this, we infected
Caco-2A cells with oocysts for 12 or 18 h, isolated aGalNAc-

FIG. 5. Immunoblot of native gp40 and gp15. C. parvum oocysts (lanes 1),
sporozoites (lanes 2), shed proteins (lanes 3), and HPA-isolated glycoproteins
(panel B, lane 4) were separated by SDS-PAGE on a 5 to 15% gel, transferred
to nitrocellulose, and probed with anti-gp40 antisera (A) or MAb CrA1 (B).

FIG. 6. Immunoblot of recombinant gp40 and gp15 fusion proteins. Control insert (lane 1), pAMC40/15 (lane 2), pAMC15 (lanes 3), and pAMC40 (lane 4) were
cloned into pET-32 LIC/Xa and expressed in E. coli AD494(DE3). Bacterial lysates were separated by SDS–10% PAGE, transferred to nitrocellulose, and probed with
S-Protein (A), MAb CrA1 (B), and anti-gp40 (C) antisera.
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containing glycoproteins from them by HPA affinity chroma-
tography, and analyzed them by immunoblotting with anti-
gp40 antisera and MAb CrA1. This revealed the presence of a
49-kDa protein which was recognized by both antibodies (Fig.
8A and B, lanes 2) in addition to a 40-kDa band recognized
only by anti-gp40 antisera (Fig. 8A, lane 2) and a ;13-kDa
band recognized only by MAb CrA1 (Fig. 8B, lane 2). Similar
results were obtained at both time points (not shown). The

49-kDa band was not detected by either antibody in glycopro-
teins isolated in the same way from uninfected cells (Fig. 8A
and B, lanes 1). These results implicate the 49-kDa protein
recognized by both antibodies as the precursor of gp40 and
gp15 and confirm that these two polypeptides are proteolytic
fragments of the same protein.

DISCUSSION

In this study we have cloned a C. parvum gene, Cpgp40/15,
which encodes two antigenically distinct polypeptides, gp40
and gp15. These two glycoproteins are the products of cleavage
of a 49-kDa precursor protein. gp40, a mucin-like glycoprotein
was previously identified using a neutralizing MAb, 4E9, to a
carbohydrate epitope present on gp40, as well as another gly-
coprotein (GP900). In the present study we have shown that
other than the presence of a common carbohydrate epitope,
gp40 is unrelated to GP900. gp40 is localized to the surface and
apical region of invasive stages of the parasite and is shed from
its surface. gp40-specific antisera neutralize infection in vitro,
and native gp40 binds to host cells, implicating this protein in
C. parvum attachment to and/or invasion of host cells. A recent
study described the presence of a ;47-kDa membrane-associ-
ated protein localized to the apical region of C. parvum sporo-
zoites, which also bound to intestinal epithelial cells (25). The
relationship of this protein to gp40 remains to be determined.

gp15 was identified by two groups of investigators. Gut and
Nelson described a 15-kDa C. parvum glycoprotein using an
MAb, 11A5, to a carbohydrate epitope (9). Interestingly, this
protein is also present in sporozoites and merozoites, contains
aGalNAc residues, and is shed in trails during the gliding
movement of sporozoites. A 15-kDa protein was also identified

FIG. 7. Localization of gp40 and gp15 in C. parvum invasive stages by IF. The reactivity of anti-gp40 antisera (A and B) and MAb CrA1 (C and D) with purified
sporozoites (A and C) and merozoites (B and D) in infected Caco-2A cells is shown. Apical and surface forms of localization are indicated with arrows and arrowheads,
respectively.

FIG. 8. Identification of gp40 and gp15 precursor in infected Caco-2A cells.
aGalNAc-containing glycoproteins were first isolated from uninfected Caco-2A
cells (lane 1) or Caco-2A cells infected with C. parvum for 18 h (lane 2), then
separated by SDS-PAGE on a 5 to 15% gel, and finally transferred to nitrocel-
lulose and probed with anti-gp40 antisera (A) and MAb CrA1 (B).
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using an IgA MAb, CrA1, which was obtained by oral immu-
nization of mice with C. parvum (Zhou et al., unpublished).
This MAb, which is directed against a protein epitope, is par-
tially protective against C. parvum infection in a “backpack”
tumor gamma interferon-preconditioned scid mouse model
(Tzipori and Neutra, unpublished). Cross-immunoprecipita-
tion studies revealed that these two MAbs recognized the same
15-kDa protein, (Strong et al., personal communication).
Other investigators have also described 15-kDa proteins in C.
parvum sporozoites (16, 17, 20, 34), two of which have been
cloned and sequenced (16, 17, 20). However, there is no sim-
ilarity in the deduced amino acid sequences of these proteins
with that of gp15. The short hydrophobic stretch at the C-
terminal region of gp15 is consistent with the signal required
for the addition of a GPI anchor, suggesting that gp15 may be
anchored in the membrane by this type of linkage. A number
of parasite proteins, including those which are shed from the
surface, are known to be GPI anchored (22, 23, 30, 35).

The molecular masses of the two Cpgp40/15-encoded pro-
teins, as determined by SDS-PAGE and comparison to Nova-
gen Perfect Protein markers, are 40 and 13 kDa. However,
analysis of the deduced amino acid sequence of Cpgp40/15
predicts a mass of 20 kDa for gp40 (excluding the putative
signal peptide) and a mass of 11 kDa for gp15. This discrep-
ancy suggests that the additional mass present in the native
proteins may be accounted for by glycosylation. This possibility
is likely in view of several predicted mucin type O-glycosylation
sites in the deduced amino acid sequence and is in keeping
with our previous biochemical findings of terminal aGalNAc
residues (which are present on oligosaccharides O-glycosid-
ically linked to serine or threonine residues) in gp40 (Cevallos
et al., submitted). Most of the predicted sites of O-glycosyla-
tion in gp40 are present in a polyserine domain in the N-
terminal region of the deduced amino acid sequence. A serine-
rich motif is also present in the sequence of TRAP C-1,
another C. parvum protein which is implicated in attachment
and invasion (33). Although TRAP C-1 has not been reported
to be glycosylated, analysis of the deduced amino acid se-
quence using NetOGlyc 2.0 predicts several sites of mucin-type
O-glycosylation. None of the serine or threonine residues in
gp15 are predicted to be sites of mucin type O-glycosylation.
However, lectin-binding studies suggest the presence of O-
linked aGalNAc residues in this protein (9). We have previ-
ously also shown the presence of these aGalNAc residues in
GP900 (Cevallos et al., submitted for publication), a C. parvum
surface glycoprotein, which contains polythreonine mucin-like
domains and has been shown to mediate invasion (2). Our
previous findings that lectins specific for aGalNAc residues
block attachment in vitro implicate these glycans as playing a
role in adhesion. These glycans may mediate attachment by
direct binding to host carbohydrate-binding proteins or by
functioning as a “bridge” between host and parasite carbohy-
drate-binding proteins. The latter possibility may be likely in
view of our earlier finding of a Gal/GalNAc-specific sporozoite
lectin which may be involved in mediating attachment to host
cells (18, 19). Mucin-like proteins in other protozoa, such as
Trypanosoma cruzi, are also shed from the surface and are
implicated in mediating attachment to host cells (30).

In this study we have shown that Cpgp40/15 encodes two
antigenically distinct polypeptides, gp40 and gp15. We have
identified the regions of the gene encoding each protein by
determining their respective N-terminal amino acid sequences.
There is no similarity in the deduced amino acid sequences of
gp40 and gp15, a finding which is consistent with the finding
that antibodies specific for each protein reacted exclusively
with the corresponding native or recombinant proteins. In ad-

dition, the recombinant fusion protein generated by in-frame
expression of the entire Cpgp40/15 sequence is recognized by
antibodies specific for both gp40 and gp15. However, fusion
proteins encoded by sequences upstream and downstream of
the experimentally determined N terminus of gp15 are recog-
nized exclusively by antibodies specific for either gp40 or gp15,
respectively. These data are consistent with the finding that
gp40 and gp15 are products of proteolytic cleavage of a 49-kDa
putative precursor protein which is recognized by antibodies to
both gp40 and gp15.

The putative precursor was detected only in actively repli-
cating intracellular stages of the parasite and not in the met-
abolically quiescent oocyst or sporozoite stages, suggesting that
the protein is synthesized during the intracellular asexual cycle.
It is not known at which stage in the life cycle cleavage of the
precursor occurs. The differential localization of gp40 and gp15
in sporozoites by IF suggests that cleavage occurs in vivo in the
parasite. The protease responsible for the cleavage of the pre-
cursor is also not known and may be of parasite or host origin.
A serine protease, a cysteine protease, and an arginine ami-
nopeptidase have been reported to be present in C. parvum (5,
24, 27). However, it remains to be determined whether any of
these enzymes are involved in processing of the precursor
protein.

Proteolytic cleavage of a precursor protein yielding polypep-
tides involved in adhesion or invasion has been described in
other apicomplexan parasites. For example, Plasmodium mer-
ozoite surface proteins involved in the invasion of red cells are
derived from proteolytic cleavage of MSP-1, a 200-kDa pre-
cursor protein that is synthesized during schizogony (3, 12–14).
Posttranslational processing generates fragments of 83, 42, 38,
and 28 to 30 kDa, which remain as a noncovalently linked
complex on the surface of the merozoite. The 42-kDa protein
is further cleaved to produce a 19-kDa C-terminal fragment at
the time of invasion, and the other fragments are shed during
this process. Toxoplasma rhoptry proteins secreted during the
invasion process are also synthesized as pro-proteins, which are
processed in the nascent rhoptries of dividing parasites (4, 32).

A number of findings suggest that gp40 and gp15 are in-
volved in C. parvum-host cell interactions. Native gp40 binds to
host cells and gp40-specific antisera neutralize infection in
vitro. Previous studies have shown that a gp15-specific IgA
MAb (CrA1) neutralizes infection in vivo (Tzipori and Neutra,
unpublished). The apical and surface localization of gp40 and
gp15 in invasive stages of the parasite and the finding that they
are shed from the surface are consistent with a role in attach-
ment and invasion. The likely involvement of these C. parvum
proteins in the initial host-parasite interaction suggests a basis
for devising strategies to inhibit this interaction. Either gp40,
gp15, or both of these glycoproteins may serve as effective
targets for specific preventive or therapeutic measures for
cryptosporidiosis.
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ADDENDUM IN PROOF

Since the submission of this paper, Priest et al. (J. W. Priest,
J. P. Kwon, M. J. Arrowood, and P. J. Laramie, Mol. Biochem.
Parasitol. 106:261–271, 2000) have reported the cloning of a
gene encoding the immunodominant 17-kDa antigen from
Cryptosporidium parvum. The nucleotide sequence of this gene
is very similar to that of Cpgp40/15.
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